Mr. Chairman, First let me express my deep appreciation of the honour which you have done me in inviting me to take part in this historic occasion. When speaking of the pathology of angina it is fitting not only to consider recent information but also to review some of the fundamental contributions of earlier workers.
First let me express m y deep appreciation o f the honour which you have done me in inviting me to take part in this historic occasion. W hen speaking o f the pathology o f angina it is fitting not only to consider recent information but also to review some o f the fundam ental contributions o f earlier workers.
In this respect m y task is m ade lighter by the able presentation o f historical aspects o f angina by Miss Leach, and I should like to com plim ent her upon it.
Lauder Brunton and his contemporaries ad vanced m any theories about the origin o f cardiac pain. Brunton him self favoured weakness o f the heart in the face o f excessive load (Brunton, 1891) . N ow adays few would question that the pain has its origin in the m yocardium under conditions of ischaem ia; and that this affects the heart when " the supply o f energy and its expenditure do not balance each other" . In this statement o f the modern concept I have borrowed the words o f the Scottish anatom ist A llan Burns, 1809. D uring the last century the evidence was relatively unsophisticated. T od ay, some simple truths are in danger o f being subm erged in a plethora o f data, or o f being displaced by the novelty o f discrepant findings. Sometimes the discrepancies are more apparent than real. T h ey are the product o f discussion more critical than the data under consideration. Difficulties in dis tinguishing cause from effect abound in studies o f coronary heart disease and atherosclerosis.
L et me therefore say categorically that when we are concerned, in the pathology o f ischaemic heart disease, w ith detailed correlation o f arterial and m yocardial changes, or w ith reconstruction o f clinico-pathological events, a satisfactory method o f injecting and visualizing the coronary arteries is not m erely an adjuvant to, but a re quirem ent of, a comprehensive pathological exam ination o f the heart.
In Fig. 1 a (page 12) are shown two arterio grams prepared by radiography after the coron ary arteries had been injected post-mortem with a contrast medium. Tissue shadow has been vir tually eliminated by a special radiological tech nique (Fulton 1963a) . O n the left is an arterio gram o f a norm al heart. N ote the richness o f the blood supply to the heart w all; the smooth tapering outline o f the m ajor vessels on the surface o f the heart; and the m anner in w hich the calibre o f a major vessel bears some relation to the arterial bed w hich it supplies.
O n page 13 (Fig. 1b) is the heart o f a patient who experienced angina for 10 years. O n the surface o f the heart the coronary arteries are the seat o f widespread severe disease w ith great reduction in calibre and here and there com plete occlusion. As a result there must have been severe restriction in the total volum e o f coronary blood flow. By contrast the channels available for distribution o f blood to the heart w all are greatly increased. T his increase in small vessel calibre has its m ain emphasis in the depths o f the ischaemic muscle. I shall return to this point.
It is well recognized that obliterative disease o f the coronary arteries is almost restricted to those portions w hich lie outside the heart muscle. Nevertheless, where conditions o f blood flow are critical, details o f fluid dynam ics in the microcirculation o f the heart wall also merit attention.
Im plication o f coronary disease in syncope anginosa is not new. W e m ay look back to the observations o f Senac, M orgagni, Jenner and Parry, even before the time o f A llan Burns. D u r ing this era and w ell into the nineteenth century not surprisingly there was much preoccupation w ith " ossification" o f the coronary arteries.
T h e illustration in Fig. 2 m ight well have been o f the heart o f John H unter himself; for this patient likewise suffered from severe pro tracted angina. This radiograph was taken before in jectio n ; the c o ro n a ry arte ries a rc o u tlin e d by calcification. C alcificatio n is g e n erally h eld to be a sequel not a cause in co ro n a ry disease. As L eary (1935) said, som ew h at am b ig u o u sly : " c a lc i fication is m erely o f m o n u m e n ta l c h a ra c te r !" A t the en d o f last c e n tu ry O sle r (1896) su m m arized the a c c u m u la te d p a th o lo g ical evidence w hen he said th a t " in an im m ense p ro p o rtio n o f all cases angina pectoris vera is associated with disease o f the coronary arteries a n d o f th e m y o c a rd iu m ." W h en a few years la te r H e rric k p u b lish e d p e rh ap s the first im p o rta n t clin ico -p ath o lo g ical stu d y o f a c u te m y o card ial in farc tio n , this c o n d itio n cam e to be d istinguished in life from a n g in a pectoris w ith o u t card ia c infarctio n .
It did n o t take long for th e issue to be c lo u d cd by confusion in n o m e n c la tu re . T h u s, in co m m o n p a rlan ce, " c o ro n ary th ro m b o sis" cam e to be e q u a te d w ith m y o card ial in fa rc tio n a n d " a n g in a p e cto ris" w ith chan g es in the co ro n ary arteries o th e r th a n throm bosis. I suspect th a t these noso logical distin ctio n s still survive, a n d still e n c o u rag e loose th in k in g in this su b ject. A gain, w h en th e u n h a p p y te rm " a c u te co ro n a ry insufficiency" cam e to be reserved for those syndrom es w h ich lie b etw een effort a n g in a a n d m y o c a rd ia l in farctio n , a n o p p o rtu n ity w as c re a te d for confusion w hich w ould h av e d elig h ted Lewis C a r r o l l! I d o n o t d ecry th e a tte m p t to define th e clinical illness in term s o f its p ath o lo g y , o f course not. b u t m erely em phasise th a t this disease c a n n o t b e so n eatly co m p a rtm e n ta liz e d . A t d ifferen t tim es an in d iv id u a l's illness m ay be c o rrectly d escrib ed u n d e r each o f the th ree h ead in g s o f m y o c a rd ia l in farctio n , a n g in a pectoris a n d a c u te c o ro n a ry Figure 1A reproduced from the British Heart Journal, 1956, 18, 341 (by courtesy of the British Medical Association . N.B. With the method of radiology employed tissue shadow has been virtually eliminated and all the density observed is due to contrast medium in injected vessels.
insufficiency, and there is no rule to the sequence o f their manifestation. T h ere is no surprise in this for the pathologist; for the ingredients o f disease in the coronary arteries themselves are sim ilar in each o f the three settings.
W here angina is due prim arily or solely to coronary artery disease, there is m uch evidence that obliterative changes in the coronary arteries are severe, perhaps even at the onset o f symptoms. This is no new finding. When in 1889 H uchard cited the evidence o f 14 5 autopsies on patients d ying o f angina pectoris, in every instance there was obliteration or stenosis o f coronary arteries. I f a n y should doubt the valid ity o f these early observations they should read the now classic report by Zoll, W essler and B lu m gart ( 19 5 1) .
These workers in Boston (Massachusetts) reported on 905 unselected autopsies in which the hearts were subm itted to arteriography. In this series there were 17 7 cases o f angin a o f one m onth's duration or longer. In every instance obliterative changes in the coronary arteries w ere present, except where other causes such as valvu lar disease were severe. W e m ay note particularly that in 20 out o f 28 cases o f angina, due to coronary artery disease alone, there was com plete occlusion o f one or m ore m ain stems. A lesser degree o f coronary disease was sufficient to produce angina in the presence o f hypertension but the picture was sim ilar and occlusions were frequent.
Not surprisingly, old m yocardial infarction was found am ong these cases. In some angin a appeared before cardiac infarction, in others infarction preceded angina. Indeed, in about h a lf the cases the onset o f the anginal W h en the findings w ere view ed from the other asp ect, to see how m a n y cases w ith com p lete co ro n ary a rtery occlusion post mortem h a d suffered from a n g in a in life, it w as found th at o n ly ju st o ver h a lf had exp erien ced this sym p to m ; and w h ere the co ro n ary arteries w ere m erely n arro w ed, n o t co m p letely o cclu d ed , o n ly 5 p er cen t had exp erien ced angina.
Perhaps these post-m ortem findings m a y not tru ly reflect the situation d u rin g life ? T h e d evel o p m en t o f selective cin ea rte rio grap h y o f the co ro n ary arteries o f m an , as a clin ical in vestig a tional procedure, has throw n lig h t upon this question. I look fo rw ard to h earin g w h a t D r. Friesinger an d D r. G o rlin h a ve to say a b o u t this. I refer here to a recen t rep o rt b y M aso n Sones an d his colleagu es from C le v e la n d , O h io (1966), w h ich concerns one thousand patients subm itted to this procedure. T h e y con firm ed , in life, th at arterial obstruction in an g in a l patients w as alm ost alw ays severe; occlusion w as usually total or alm ost total in one or m ore m ajor co ro n ary vessels.
I f then the n ature an d severity o f the u n d er ly in g con dition in the co ro n ary arteries is sim ilar in the several syndrom es o f ischaem ic h eart disease, how is it that in som e instances the m yo card iu m suffers m assive necrosis and in others the d am age is trivial an d possibly even ab sen t?
I h a ve given som e attention to the p henom ena w h ich m a y determ in e the exten t and distribution o f m yo ca rd ia l d a m ag e fo llo w in g co ro n ary a rtery occlusion. A m o n g m a n y possible determ inants, the facto r w h ich ap p ea red to stand out w as the extent o f the co llateral blood flow throu gh in terco ro n a ry anastom oses, a va ila b le a t the tim e o f occlusion (F ulton , 1964a) .
In m y op in ion co ro n ary a rtery anastom oses are n orm al structures (F ulton , 1963b) . In health they rem ain sm all because they are req u ired to ca rry o n ly a tin y m easure o f b lood flow. H o w ever, occlusion o f a co ro n ary a rtery in life alters this by in tro d u cin g a b n o rm al pressure grad ien ts; and blood is m ade to flow throu gh arterial co m m u n i cations betw een the co ro n ary branches. A s the co llaterial blood flo w increases in vo lu m e the vessels w h ich ca rry it enlarge.
T h e existence o f a rterial anastom oses can be dem onstrated. I m ention tw o reliab le m ethods:
(1) Perfusion from one arterial territo ry to an o th er using a m ed iu m w h ich does not pen etrate the c a p illa ry bed. F o r illu strative p u r poses, in a n orm al h eart a la rge b ra n ch o f the left circu m flex co ro n a ry a rte r y w as lig a ted b e fore in jection o f the con trast m ed iu m . In a short tim e the territo ry distal to the liga tu re was p erfe ctly filled in re tro g rad e fashion th rou gh n o rm a l in te ra rte ria l co m m u n ication s (F ig. 3).
(2) Stereoarleriography: T h e stru ctu re a n d distri b u tio n o f anastom oses ca n be studied d irectly w h en a rterio gram s o f a d eq u a te q u a lity are exa m in ed stereo sco p ically a t m a gn ificatio n X 5 .
L e t m e show y o u three ty p ica l exam p les w h ich illustrate the co m p lex in ter-relation sh ip o f co ro n a ry occlusion , m yo ca rd ia l d a m ag e a n d an a s tom otic d evelop m en t.
I shall d eal w ith th e first exa m p le v e ry b rie fly (Figs. 4 an d 5). T h is is the h e a rt o f an eld erly w o m an w hose co ro n a ry arteries w ere h e alth y a p a rt from a short stretch o f the a n te rio r descen d in g artery. T h e p a ttern o f anastom oses in this case show ed o n ly a slight in crease o v e r th a t foun d in n o rm a l hearts (Fig. 4) . W h en co m p lete o c c lu sion took p la ce as the result o f co ro n a ry th ro m bosis the o u tco m e w as m assive in farctio n o f the a n te rio r w a ll o f the left ve n tricle a n d the in te r v e n tricu la r septum . A v e r y la rg e p a r t o f the territo ry o f the a ffected a rtery w as in vo lve d in a cu te necrosis (F ig. 5). T h e re w as no previous h istory o f a n g in a .
;
In this second case the situation is m ore c o m p lex becau se th e first clin ical episode o f c o ro n a ry a rte ry occlusion w as su rvived . T h is occlusion in vo lve d the a n te rio r d escen d in g a rtery . E n larg ed anastom oses ca rried b lo o d flow from the rig h t co ro n a ry a rte r y across the in te rv e n tricu la r sep tu m to feed the territo ry o f the d escen d in g b ra n ch o f the left -un til the rig h t co ro n a ry a rte ry itself w as o cclu d e d (F ig. 6). T h e sequ en ce o f events m a y be d escribed a lo n g w ith the d ia g ra m (F ig. 7). T w o years before d eath ca rd ia c p ain o ccu rred , w ith o u t p rio r w a rn in g , a n d lasted for a b o u t 1 h o u r. O n reco n stru ctio n it w as e vid e n t th a t this even t w as represen ted b y th ro m b o tic occlusion o f the a n te rio r d escen d in g a rte ry an d p a tch y in farctio n (n o w fibro tic) in its territo ry. W h en the a tta ck o f p ain eased o f f th e p atie n t, w h o w as a farm er, retu rn ed to his w o rk an d w as n ev er laid o ff. H e co n tin u ed to suffer from effo rt a n g in a th o u g h w ith d im in ish in g severity. W h e n rig h t co ro n a ry a rte ry occlusion o verto o k h im its effects w ere bo th disastrous -an d in terestin g. N o t o n ly d id it cause necrosis in its o w n territo ry b u t it p ro vo k ed d a m a g e in the territo ry o f its n eigh b o u r, the an terio r descen d in g a rtery , o f g rea ter severity th an h a d tak en p la ce a t th e tim e o f its o w n occlusion . T h is is the p h en o m en o n o f p a ra reg io n a l in farctio n (in farctio n a t a distan ce). T h is case points the lesson th a t e n la rgm en t o f anastom oses can m itig a te the effects o f co ro n a ry Case 22. artery occlusion, both at the time and later; but only so long as the foster artery remains itself unobstructed.
F ig u r e 6 Seco n d c a s e : A r te r io g r a m o f h e a r t w ith tw o e p iso d e s o f c o r o n a r y a r te r y o c c lu sio n , t w o y e a r h is to r y . N o te o ld c o m p le te o c c lu s io n o f a n te r io r d e s ce n d in g a r te r y an d re c en t c o m p le te o c c lu s io n o f d is ta l r ig h t c o r o n a r y a r t e r y ; an
Anastomoses in the interventricular septum are of special importance. In Fig. 8 is the upper part of a norm al septum showing small com m uni cating channels which link the anterior and pos terior descending arteries. These channels can enlarge in disease. In Fig. g are shown on the same scale the anastomoses of the ischaemic heart I have just described as they cross the inter ventricular septum. T heir calibre, and thereby their capacity for transm itting blood flow, is greatly increased.
The case I have just described probably exem plifies a common situation in which coronary artery occlusion leads to a sm all deep-seated p atchy in farct; this is survived and the p atient goes on to experience effort angina.
N ow we turn to the heart o f a patient who had suffered from severe intractable angin a for m any years during w hich there was on ly very little ischaem ic m yocard ial dam age. W e can observe severe affection o f all m ain stems with num erous areas o f severe narrow in g or com plete oblitera tion (Fig. 10 ) . R o u n d the apex you can trace a large superficial com m unication.
In m y investigation I have been impressed also with the deep anastom otic com m unications which have been largely overlooked in form er studies. Y o u can observe a great increase in the density o f the sm all vessel pattern in the central area o f the left ventricle. T h e appearances indeed are due to a network o f vessels lyin g in the deepest layers o f the left ventricu lar w all. T h is can be better seen in section (Fig. 1 1 ) . H ere you see the vessels in the inner third o f the left ventricle greatly dilated to form a system o f wide-bore intercom m unicating channels. These are derived from the enlargem ent o f norm al structures (Fulton, 1956 ). In the section through a norm al heart a t the sam e scale (Fig. 12) you can see the norm al pattern and realize how far the circu la tion o f the heart with long term angin a had departed from it.
W e m ay ask w h at influence had the adaptive changes o f the sm all vessels upon the distribution o f m yocardial d am age? In the diagram (Fig. 13 ) you see that, despite widespread obliterative coronary artery disease, m assive regional in farction had not occurred. Instead, num erous sm all areas o f earlier dam age, now represented by fibrosis, were restricted to the inner zone o f the left ventricle. T erm in ally there were also num erous fresh foci o f necrosis likewise in deep zonal distribution.
T h e coronary arteries bore evidence o f num er ous episodes o f throm botic occlusion in the past. T h ere was how ever no recent arterial change to account for the recent m yocardial dam age. This term inal state exem plifies acute coronary in sufficiency -so called -in which some additional factor altered the precarious balance o f im poverished coronary supply and m yocardial need. It is popular notion that angin a and acute coronary insufficiency result from occlusions which are incom plete or affect only relatively sm all branches. It is hard to find satisfactory evidence to support this, or to know how fre quently it m ay be true.
T h e three exam ples I have presented w ere deliberately chosen to illustrate the opposite point o f view . T h e y showed how the extent o f coronary artery disease and the extent o f m yo c ard ial d am age can be inversely related to each other. T h is p arad o xical situation was determ ined by the extent o f anastom otic developm ent.
I turn now, therefore, to consider briefly factors which govern the enlargem ent o f anas tomoses. I look forw ard to w hat D r. R ussell R ees has to com m unicate on this topic. I wish how ever briefly to observe that anastomoses ap p ear to en large in response to increased volum e o f blood flow through them. In this process the m ain determ inant is the pressure grad ien t created by coronary artery occlusion (Fulton 1964b) . Fo r this stimulus to be strong, the evidence o f hum an pathology as well as o f work on experim ental anim als indicates that stenosis o f the artery in question m ust be severe, so that the cross-section o f the arterial lum en is reduced to the order o f one tenth or less o f its original area (Blum gart e t al. 19 5 0 ; Sew ell, 19 6 1). I t is understandable that where the stimulus is less than m axim al a ve ry long time m ay be required for anastom otic en largem ent; and m y own findings have borne this out (Fulton, 1964c) .
It is often said that the existence o f lesser degrees o f coronary artery disease prepares the heart against the effects o f coronary artery occlusion. N early thirty years ago Schlesinger drew attention to the im portance in this context o f the rate o f evolution o f the atherosclerotic disease. W here the disease proceeds slow ly there is greater opportunity for sm all vessel adaptation to keep pace. But let it be clearly understood that there is no evidence w hatsoever that an y purpose underlies the process o f anastom otic enlargem ent; or that the response ever exceeds the stimulus which has existed up to that time. W e are d ealing with a pathological sequel, not a forerunner: it never anticipates the next exigency.
O n the other hand the continued enlargem ent o f anastomoses after coronary occlusion is an im portant m echanism in the m itigation o f anginal symptoms.
T im e does not perm it discussion o f the athero sclerotic lesion itself, or o f the m an y controversies that centre on the nature and significance o f the arterial changes and their pathogenesis. M y own observations (F ulton 1965) h a ve led m e to con clude th a t those stages o f the disease w h ich cause isch aem ic sym ptom s or m y o ca rd ia l d a m ag e are represented by lesions w h ich h a ve their origins in throm bus. W ith the passage o f tim e layers o f throm bus becom e in co rp o ra ted in the a rterial w all to form ath erosclero tic p laques (Fig. 14) . S u c cessive episodes o f throm bosis o ccu r at w id ely sep arated intervals. Som etim es the episodes m a y be defined in sym ptom s an d in m o rp h o lo gical chan ges in the co ro n ary arteries and m yo card iu m .
In the section (Fig. 15) throu gh a diseased co ro n ary a rtery , w e m a y note the m a n n er in w h ich the ath erosclero tic tissue has been form ed in laters. T h is in turn w ou ld h a ve been the fate o f the la yer o f throm bus w h ich has form ed upon its surface.
So far I h a ve considered a n g in a as an expression o f co ro n ary a rte ry disease. T h e re are o f course m a n y o th er factors extrin sic to the m ajor co ro n ary arteries w h ich m a y im p ede b lood flow w ith in the h eart w a ll, im p air the q u a lity o f the blood delivered , o r in crease the requirem ents o f the m y o ca rd iu m . T h e presence o f a n y o f these factors m a y p rovoke a n g in a a t a lesser degree o f co ro n ary a rtery obstruction . M o re o ve r, i f sufficien tly severe, each o f these several factors m a y cause co ro n ary in su fficien cy even in the presence o f n orm al c o ro n ary arteries. T h is is o f p a rtic u la r note in aortic v a lv u la r diesese; and recen tly atten tio n has been d raw n to its o ccu rren ce in o bstructive ca rd io m y o p a th y . In these con dition s p ro b a b ly the m ost im p o rta n t factors are con nected w ith the p roblem s o f co ro n ary perfusion p e cu la r to the d eep er layers o f the h eart w all. M r. C h a irm a n , I h a ve tried to show that ca rd ia c ischaem ia depends on in su fficien cy o f co ro n ary in flow in relation to m y o ca rd ia l n eeds; an d that the exten t o f structu ral d a m ag e -and th ereb y the distinction betw een ca rd ia c in farction an d sim ple a n g in ad ep en d as m u ch on the distribu tio n o f blood throu gh co llaterals in the h eart w a ll as u p o n the exten t o f obstruction to the arteries on its surface. B lu m g art, H . L ., Z o ll, P. M ., F reed b erg , A . S. a n d G illig a n , D .R . (1950) . " T h e e xp erim en tal p ro d u ctio n o f in te rco ro n a ry anastom oses an d th eir fu n ction a l sign ifican ce." C ircu la tio n , 1 , 10. B ru n to n , T . L . (18 9 1). " O n ca rd ia c p a in an d a n g in a p ecto ris." P ra ctitio n er, 47, 241.
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